tical genes that subsequently diverged, or whether it Visual pigments are G protein-coupled receptors in arose from two X chromosomes that carried polymorwhich a seven-transmembrane segment protein is covaphic variants with different absorption spectra, is not lently linked to a chromophore, 11-cis retinal. Studies known. of the visual pigment complement and color vision ability of different vertebrates reveal an ancient and nearly uniSpectral Tuning: Mechanisms versal color vision system in which one visual pigment and Sequence Determinants has an absorption maximum at Ͻ500 nm and a second A long-standing challenge in vision research has been to visual pigment has an absorption maximum at Ͼ500 nm explain the mechanisms by which diverse visual pigment (Mollon, 1989; Yokoyama, 1997). Rhodopsin, a third and apoproteins regulate the wavelength of absorption of equally ancient pigment, has an absorption maximum the common 11-cis retinal chromophore, and to relate at ‫005ف‬ nm and plays little or no role in color vision. In these absorption spectra to the visual abilities and evogeneral, the pigments mediating color vision reside in lutionary histories of each species. cone photoreceptors and are used only under bright
Figure 1. The Practical and Aesthetic Advantages of Color Vision
The figure shows the same photograph of autumn foliage with and without color. Color vision permits distinctions between objects based on differences in the chromatic composition of reflected light. the apoprotein by a Schiff base linkage with a lysine in positively charged ( Figure 3A ). All vertebrate visual pigments carry a glutamate in the third transmembrane the center of the seventh transmembrane segment. In visual pigments with absorption maxima greater than segment (corresponding to glutamate 113 in bovine rhodopsin), which serves as the counterion to the proton-‫044ف‬ nm, this Schiff base is protonated and therefore The serine/alanine dimorphism at position 180 is of tion, and a peak absorption at ‫057ف‬ nm.
Current evidence suggests that vertebrate visual pigspecial interest because it exists as a common polymorphic variant in the human gene pool, with ‫%06ف‬ of red ments modify the electronic environment of 11-cis retinal by (1) modulating the interaction between the protonpigment genes coding for serine and ‫%04ف‬ for alanine (Nathans et al., 1986a; Winderickx et al., 1992b; Sharpe ated Schiff base and its counterion, and (2) modifying the dipolar environment of the conjugated chromophore et al., 1998). Variation at position 180 is less common among human green pigment genes, as at least 90% backbone with neutral amino acid side chains. For example, weakening the interaction between the protoncode for alanine. The effect of this single nucleotide polymorphism can be seen in a simple color matching ated Schiff base and its counterion promotes delocalization of the positive charge throughout the electron test, the Rayleigh test. A Rayleigh color match is established when the photon capture rates of each of the system and a resulting red shift in the absorption spectrum. In contrast to the variable position of the absorpobservers' cone pigments are equal for the two stimuli, and this serves as a sensitive indicator of the number tion curve along the wavelength axis, the shape and width of the visual pigment absorption curve is deterand spectral distribution of the pigments in this region of the spectrum. When matching a spectrally pure yellow mined by chromophore vibration and is therefore not subject to modification by the apoprotein.
light to a mixture of spectrally pure red and green lights, the ‫%06ف‬ of human males who carry serine at position Recent analyses of the absorption spectra of visual pigments expressed from cloned cDNA have allowed a 180 in their red pigment require less red light in the mixture compared to the ‫%04ف‬ who carry alanine, beprecise delineation of the contribution of particular amino acids to spectral tuning. Within the Ͼ500 nm cause the serine-containing pigment is red shifted 3-4 nm relative to the alanine-containing pigment (Neitz and  subfamily The dimorphisms at positions 180, 277, and 285 share family. One site-directed mutagenesis study of bovine rhodopsin suggests that the human blue pigment owes two attributes which suggest that they may produce spectral shifts by similar mechanisms. First, these three ‫06ف‬ nm of its blue shift relative to the 500 nm absorption peak of rhodopsin to the cumulative effect of amino acid sites are close to the center of their respective transmembrane segments and therefore are likely to form differences at nine positions in or near the chromophore binding pocket (Lin et al., 1998) part of the chromophore-binding pocket. Second, in each case the red-shifting member of the dimorphic pair carries a hydroxyl-bearing side chain, and the blueSpectral Tuning: Physiologic Implications shifting member carries a similarly sized aliphatic side Why do humans and other trichromatic primates have chain (Figure 4 ). Most likely, the hydroxyl groups procone pigments with absorption maxima at ‫,524ف‬ ‫,035ف‬ duce a red shift by promoting electron delocalization and ‫065ف‬ nm rather than at some other set of wavein the 11-cis retinal chromophore through dipole-dipole lengths? In particular, why are the absorption spectra interactions along the conjugated chain.
of the green and red pigments so close together relative At present, spectral tuning within the Ͻ500 nm visual to the blue pigment spectrum? The ease with which pigment family is less well defined than in the Ͼ500 nm absorption shifts can be produced by mutation implies a selective pressure for maintaining the spectral separation found in the present-day primate cone pigments. To address these questions, we need to understand the ), where subscripts "1" and "2" indicate the visual pigment absorption efficiencies for the first and second of these wavelengths, respectively. The threshold for chromatic discrimination is defined as distance Ϫ1 in this chromatic discrimination space. Thus, a large change in cone signals between spectrally pure stimuli of X nm and X ϩ 5 nm results in a low threshold for chromatic discrimination in the neighborhood of these wavelengths. subtracting the green cone signal from the red cone pigments change minimally with changes in stimulus wavelength. As a result, wavelength-dependent changes signal, which will be referred to as the "R-G" signal, and (2) subtracting the blue cone signal from the sum of the in both the R-G and the B-Y signals are small. Similar reasoning applies to the other points of poor chromatic red and green (equal to yellow) cone signals, which will be referred to as the "B-Y" signal (see legend to Figure discrimination. Figures 5B and 5D shows that shifting 5). This method of calculating chromatic discriminability is referred to as a "line element" analysis. It was first the green pigment spectrum to shorter wavelengths produces only small changes in the chromatic discriminaintroduced by Helmholtz with subsequent refinements by Schrö dinger and Stiles (reviewed by Wyszecki and tion curve. However, bringing the red and green pigment spectra closer together results in a progressive loss of Stiles, 1982). The line element calculation parallels the spectral analysis performed by the retina (described chromatic discrimination in two regions of the spectrum (Figures 5E and 5F). One region is near the peak of the more fully below), and it produces chromatic discrimination curves for normal, anomalous trichromat, and ditwo Ͼ500 nm cone pigments ‫535ف(‬ nm in this example), where the blue pigment absorption efficiency is low and chromat visual pigment sets that closely match those obtained psychophysically (Boynton, 1979) . the relative wavelength-dependent change in photon capture by the Ͼ500 nm pigments is minimal. The secThe spectral positions where chromatic discrimination is poorest, indicated by maxima in the curves on ond region is at long wavelengths where chromatic discrimination relies entirely on the small differential afthe right side of Figure 5 , are easily understood in terms of the underlying cone pigment absorption spectra. For forded by the R-G signal. In the extreme case in which the red and green pigment spectra coincide or one of the the normal human cone pigment sensitivities illustrated in Figure 5A , these positions are calculated to be ‫044ف‬ two pigments is missing ( Figures 5G and 5H) , chromatic discriminability at wavelengths of Ͼ600 nm is virtually nm, ‫055ف‬ nm, and beyond 700 nm. The first of these positions corresponds to a point at which (1) the rate nonexistent. The advantages conferred by well-separated red and of photon capture by the blue pigment changes minimally with changes in stimulus wavelength, and (2) the green pigment absorption curves can be appreciated by identifying those tasks which red/green dichromat relative rates of photon capture by the red and green and anomalous trichromat humans perform poorly (Molnonidentical cone types means that differences in excitation between neighboring photoreceptors can arise lon, 1989; Stewart and Cole, 1989). As might be exeither from chromatic or luminance differences, an ampected, these individuals have special difficulty with vibiguity that cannot be locally resolved. Second, color sual tasks in which similarly sized colored objects must vision requires sampling of the image over a range of be discriminated under conditions where lightness varwavelengths, but refraction at the air-cornea interface ies locally in an unpredictable manner. In the laboratory and by the lens is accompanied by chromatic aberration. or clinic, this is embodied in the Ishihara plates, a simple This produces an image that is in focus at one wavescreening test in which a digit must be recognized as length and increasingly out of focus at more distant a pattern of colored dots among background dots of wavelengths. The primate retina has partially solved variable lightness and color. In the real world, identifying both of these problems by sprinkling the retina only colored fruit among dappled foliage presents a similar sparingly with blue cones, and, in some species, dechallenge, and it has been known for centuries that creasing their representation in the central fovea ( followed by one or more green pigment genes. As noted ment gene, but this gene is polymorphic within a species above, the human red and green pigment genes are and the several alleles differ by 10-30 nm in their abremarkably similar, differing by only ‫%2ف‬ at the nucleosorption spectra (Mollon et al., 1984; Jacobs, 1993) . tide level in both coding and noncoding sequences.
Comparison of

Heterozygous females have excellent trichromatic vision
On the assumption that this duplication occurred ‫04ف‬ because X inactivation, which is known to produce a million years ago in the Old World lineage, it is likely that fine-grained mosaic within the retina (Reese et al., 1995), the extremely high sequence identity observed between provides them with two classes of Ͼ500 nm cones.
repeat units in the human array reflects more recent Males and homozygous females are dichromats. Thus, gene conversions. it might be possible to observe individual animals in the The similarity between repeat units predisposes the wild and to correlate different color vision capacities, tandem array to unequal homologous recombination. determined by genotyping, with foraging or other beCrossing-over within the ‫52ف‬ kb intergenic regions prohaviors.
duces a gain or loss of one or more genes, whereas Any discussion of visual pigment spectra would be recombination within the transcription units-intragenic incomplete without considering the effect of these specrecombination-creates hybrid genes ( Figure 6 ). As a tra on spatial vision (Rodieck, 1998) . According to the consequence of the high degree of homology between late Mathew Alpern, one of the great visual psychophysired and green pigment gene introns and their large size cists of the twentieth century, the real business of prirelative to the exons, the great majority of intragenic mate vision is the discrimination of features or objects crossovers occur within introns rather than exons, rebased on their location; color vision is just a hobby sulting in a limited number of distinct hybrid gene types. (B) Intragenic recombination between wild-type arrays in which one array has two green pigment genes. One recombination product (not shown) is identical to the second one in the upper set; the reciprocal product (shown) carries a 5Ј red-3Ј green hybrid and one green pigment gene. For males carrying the arrays illustrated at left, cone pigment spectral sensitivities are shown for the observed human pigments in which spectral tuning is determined primarily by sequence differences in exon 5 (left), a hypothetical arrangement in which spectral tuning is determined primarily by sequence differences in exon 2 (center), and a hypothetical arrangement in which spectral tuning is determined equally by sequence differences in exons 2-5 (right). In the actual human arrangement, anomalous trichromacies are characterized by pairs of closely related pigments. In the first hypothetical arrangement (center), the absorption spectra of most hybrid pigments would differ significantly from that of the remaining normal pigment. In the second hypothetical arrangement (right), the large range of hybrid pigment spectral sensitivities (indicated in the figure as "variable") would produce a correspondingly large range of anomalous trichromacies. In the schematic diagrams of visual pigment sensitivity curves, "B," "G," and "R" represent the normal blue, green, and red curves; "G-like" and "R-like" represent pigments with spectral sensitivities similar to those of the green and red pigments, respectively; and "variable" represents pigments with any of a variety of spectral sensitivities in the interval between normal green and red pigment sensitivities. cluster near that of the red pigment if they carry a red pigment exon 5 or near that of the green pigment if they This effect has been attributed to the 5Ј location of a locus control region (LCR). carry a green pigment exon 5. The amino acid differences that distinguish red and green pigments are confined to exons 2-5, with the Asymmetries in the Arrangement of Red and Green Pigment Genes greatest effect on spectral tuning referable to differences in exon 5 ( Figure 4B ). Sequence differences in
The asymmetric location of sequences that affect spectral tuning, together with the placement of the red pigexon 2 can produce shifts of at most 1-2 nm, and sequence differences in exons 3 and 4 can produce shifts ment gene at the 5Ј edge of the array, has a number of interesting consequences for the types and frequencies of up to 6-7 nm depending upon which of several dimorphic residues are present (Merbs and Nathans, 1992a, of color vision anomalies found in the human population.
In the sections that follow, we examine these consearray precludes the production of a single-gene array that carries only a 5Ј green-3Ј red hybrid gene. quences by considering the color vision phenotypes that result from the actual arrangement of red and green
The mechanics of unequal homologous recombination dictate that for each array that gains a repeat unit, pigment genes and from several hypothetical arrangements.
there is another array that loses a repeat unit. Since ‫%57ف‬ of human X chromosomes carry three or more In the naturally occuring gene arrangement, shown in Figure 6A , one consequence of placing the red pigment visual pigment genes and only ‫%1ف‬ carry a single visual pigment gene, it is likely that over time the latter class gene at the 5Ј edge of the first repeat unit is that intergenic recombination events that reduce the array to has largely been eliminated. By inference, trichromacy must have conferred a selective advantage over dichroa single gene inevitably leave a red pigment gene, and intragenic recombination events that reduce the array macy during much of human existence. A variation on this line of reasoning may also explain why such a large to a single gene inevitably leave a 5Ј red-3Ј green hybrid gene which encodes a pigment that is green-like in its fraction of arrays in the present-day human gene pool have "extra" visual pigment genes. These larger arrays absorption properties. In those rare cases in which an intragenic recombination event occurs close to the 5Ј may have a small selective advantage over the basic arrangement of one red and one green pigment gene, end of the red and green pigment genes, the resulting 5Ј red-3Ј green hybrid gene will encode a de facto because a greater distance between the first and last genes should decrease the probablility of producing a green pigment. The reciprocal product of the intergenic exchange indicated above is an array with an additional recombination product that carries only one gene. green pigment gene, and the reciprocal product of the intragenic exchange is an array with a 5Ј green-3Ј red Hypothetical Arrangements of Red and Green hybrid gene ( Figure 6A ). The latter arrangement generPigment Genes: Paths Not Taken ally confers deuteranomalous trichromacy, because the The dominant role of exon 5 and the subsidiary roles of absorption spectrum of the 5Ј green-3Ј red hybrid pigexons 2-4 in spectral tuning has significant consement is red-like but distinct from that of the accompaquences for the types and frequencies of color vision nying red pigment. Dichromacy results if the 5Ј green-3Ј
anomalies. This effect can be appreciated by considering red hybrid pigment has the same absorption spectrum two hypothetical arrangements of amino acids involved as the accompanying red pigment.
in spectral tuning (Figure 6 ). In the first arrangement, It is interesting to note that because of the high frespectral tuning is dominated by sequence differences quency and large variety of distinct exon 2-4 haplotypes in exon 2 and exons 3-5 play a subsidiary role, and (Winderickx et al., 1993; Sharpe et al., 1998), in particular in the second, spectral tuning is determined equally the high frequency of the serine/alanine polymorphism by sequence differences in exons 2-5. Under either at position 180 of the red pigment gene, an array that scenario, no difference in outcome is to be expected contains a red pigment gene followed by a 5Ј green-3Ј following intergenic recombination. However, the conred hybrid gene that encodes a de facto red pigment, sequences of intragenic recombination differ appreciawill frequently produce nonidentical red pigments. If the bly from that produced by the actual arrangement. spectral sensitivities of the two red pigments differ by Under the first scenario, those intragenic recombinaa few nanometers, they will support a low level of chrotion events in which the crossover is 3Ј of exon 2 would matic discrimination and the carrier will be an anomalous produce hybrid pigments with absorption spectra retrichromat rather than a dichromat ( et al., 1990) . inherent in deconvolving chromatic and spatial informaThe circuitry responsible for the R-G signal has been tion has led some investigators to consider the possibility that the midget ganglion cells convey primarily or a subject of investigation (and speculation) for decades, exclusively spatial information and that there is a distinct carry spectrally distinct X-linked visual pigments (Mollon and as yet undiscovered chromatic channel for the R-G et al., 1984). The excellent trichromatic color vision ensystem, a not implausible hypothesis given the large joyed by these heterozygous females presumably arises number of morphologically distinct ganglion cell types from color-opponent ganglion cell receptive fields that to which no function has yet been assigned (Rodieck, straddle the border between patches of differentially 1991; Dacey, 1996) . X-inactivated retina. Any hypothesis that invokes differOne difficulty with any model that invokes pure green ential synaptic labeling of the X inactivation patches or pure red cone inputs to any part of a ganglion cell would need to also invoke linkage disequilibrium of vireceptive field is that interneurons have not yet been sual pigment alleles and the genes encoding the laidentified with the specificity required to carry this sigbels-an unlikely scenario in an outbred population. The nal. As input to the inhibitory surround does not appear random wiring model is also likely to describe the state to involve direct contacts between bipolar and ganglion of affairs in the ancestral primate who first carried an cells, any red versus green cone specificity in the surarray with duplicated red and green pigment genes. If, round would need to be reflected in the specificity of like present day primates, this ancestral primate poshorizontal and/or amacrine cells (Rodieck, 1998) 
